RNA silencing is a conserved regulatory mechanism in fungi, plants and animals that regulates gene expression and defence against viruses and transgenes 1 . Small silencing RNAs of 20-30 nucleotides and their associated effector proteins, the Argonaute family proteins, are the central components in RNA silencing 2 . A subset of small RNAs, such as microRNAs and small interfering RNAs (siRNAs) in plants, Piwi-interacting RNAs in animals and siRNAs in Drosophila, requires an additional crucial step for their maturation; that is, 29-O-methylation on the 39 terminal nucleotide [3] [4] [5] [6] . A conserved S-adenosyl-L-methionine-dependent RNA methyltransferase, HUA ENHANCER 1 (HEN1), and its homologues are responsible for this specific modification [3] [4] [5] 7, 8 . Here we report the 3.1 Å crystal structure of full-length HEN1 from Arabidopsis in complex with a 22-nucleotide small RNA duplex and cofactor product S-adenosyl-L-homocysteine. Highly cooperative recognition of the small RNA substrate by multiple RNA binding domains and the methyltransferase domain in HEN1 measures the length of the RNA duplex and determines the substrate specificity. Metal ion coordination by both 29 and 39 hydroxyls on the 39-terminal nucleotide and four invariant residues in the active site of the methyltransferase domain suggests a novel Mg
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RNA silencing is a conserved regulatory mechanism in fungi, plants and animals that regulates gene expression and defence against viruses and transgenes 1 . Small silencing RNAs of 20-30 nucleotides and their associated effector proteins, the Argonaute family proteins, are the central components in RNA silencing 2 . A subset of small RNAs, such as microRNAs and small interfering RNAs (siRNAs) in plants, Piwi-interacting RNAs in animals and siRNAs in Drosophila, requires an additional crucial step for their maturation; that is, 29-O-methylation on the 39 terminal nucleotide [3] [4] [5] [6] . A conserved S-adenosyl-L-methionine-dependent RNA methyltransferase, HUA ENHANCER 1 (HEN1), and its homologues are responsible for this specific modification [3] [4] [5] 7, 8 . Here we report the 3.1 Å crystal structure of full-length HEN1 from Arabidopsis in complex with a 22-nucleotide small RNA duplex and cofactor product S-adenosyl-L-homocysteine. Highly cooperative recognition of the small RNA substrate by multiple RNA binding domains and the methyltransferase domain in HEN1 measures the length of the RNA duplex and determines the substrate specificity. Metal ion coordination by both 29 and 39 hydroxyls on the 39-terminal nucleotide and four invariant residues in the active site of the methyltransferase domain suggests a novel Mg 21 -dependent 29-O-methylation mechanism.
HEN1 was first identified in a genetic screen as a floral pattering gene and later found to be essential for Arabidopsis microRNA (miRNA) accumulation in vivo 9, 10 . Subsequently, HEN1 was demonstrated to be a methyltransferase for miRNAs and all types of siRNAs in plants 3, 11 . The 29-O-methylation protects miRNAs and siRNAs from 39-end uridylation and 39-to-59 exonuclease-mediated degradation in Arabidopsis 12, 13 . The plant HEN1 and its animal homologues share a highly conserved methyltransferase (MTase) domain 14 ( Fig. 1e ) that is not closely related to any known RNA 29-O-MTases according to a phylogenetic analysis 15 . Two putative RNA binding modules, a double-stranded RNA binding domain (dsRBD) and a La motif have been identified in the amino-terminal region of HEN1 (ref. 15) . To understand the specific recognition of small RNA substrates and the molecular mechanism of the 39-end 29-OH-specific methylation by HEN1 and its homologues, we determined the crystal structure of full-length Arabidopsis HEN1 in complex with a small RNA duplex in the presence of the cofactor product adenosyl-Lhomocysteine (AdoHcy).
The recombinant full-length Arabidopsis HEN1 (residue 1-942) was co-crystallized with AdoHcy and a 22-nucleotide small RNA duplex containing a fully complementary 20-nucleotide segment (Fig. 1f) derived from a natural substrate of HEN1, miR173/ miR173* (refs 3, 11) ( Supplementary Fig. 2c ). The crystal structure was determined at 3.1 Å as described in Methods. The structure revealed that Arabidopsis HEN1 binds to the small RNA substrate as a monomer (Fig. 1) , which is supported by results from gel filtration experiments ( Supplementary Fig. 2 ). The small RNA substrate exhibits an A-form conformation in the ternary complex structure and both duplex termini are specifically recognized by HEN1. The HEN1 protein consists of five structural domains (Fig. 1e) , four of which directly interact with the small RNA substrate (Fig. 1a-c) with the exception of the PPIase-like domain (PLD) which shows a high degree of structural similarity to well characterized FK506-binding proteins 16 . The A-form duplex of the small RNA substrate is bound by two double-stranded RNA (dsRNA)-specific binding domains 17 , dsRBD1 and dsRBD2. The [59-m:39-u] terminus containing the 39-end 2-nucleotide overhang of the strand that is not methylated (u strand) (Fig. 1f) is bound by the La-motif-containing domain (LCD). Meanwhile, the 39-end 2-nucleotide overhang of the strand that is methylated (m strand) (Fig. 1f) is deeply buried into the active site of the MTase domain (Fig. 1c) . The interface between HEN1 and the small RNA substrate buries a total solvent-accessible surface area of ,5,000 Å 2 ( Fig. 1c) , of which dsRBD1, dsRBD2, LCD and the MTase domain each contributes 31%, 13%, 17% and 33%, respectively.
Structure-based sequence alignment and structural superimposition revealed that both dsRBDs contain distinct long insertions in the loop between b1 and b2 ( Supplementary Fig. 4 ). The insertion in dsRBD1 is well defined (Supplementary Fig. 4b ), in which a conserved hydrophobic patch stacks over the carboxy-terminal b-strand in the MTase domain ( Supplementary Fig. 4c ). The insertion in dsRBD2 is longer but less conserved than that in dsRBD1 in most plant HEN1 proteins ( Supplementary Fig. 4a ) and is completely disordered in the current structure ( Supplementary Fig. 4b ). Three conserved RNA binding motifs in canonical dsRBDs 17 can be identified in dsRBD1 (Fig. 2a) , whereas only two RNA binding motifs are identified in dsRBD2 owing to the disordered loop between b1 and b2 (Fig. 2b) . As revealed by buried surface analysis, the interaction of dsRBD1 with the RNA substrate is more extensive than that of dsRBD2. Compared to dsRBD1, dsRBD2 shifts by approximately 3 Å away from the RNA duplex, which may favour binding small RNA duplexes with bulges that are common among miRNAs. The binding of the RNA duplex by dsRBD1 has a key role in substrate recognition, as deletion of dsRBD1 markedly reduced the substrate binding by HEN1, as determined by a cross-linking binding assay ( Supplementary Fig. 5a ), and its activity, as revealed by a small RNA methyltransferase assay ( Supplementary  Fig. 5b ).
As predicted by bioinformatics analysis 15 , the N-terminal half of the LCD contains a La motif fold ( Supplementary Fig. 6 ) that has been shown to specifically bind RNA 39 ends through synergistic cooperation with an RNA recognition motif in the La protein 18, 19 . However, recognition of the [59-m:39-u] duplex terminus of the small RNA substrates by the La motif and the C-terminal portion of LCD in HEN1 (Fig. 1f) is different from that observed in the human La protein 20 . The 39-terminal nucleotide binding pocket in the human La N-terminal domain (NTD) 20 is occupied by two conserved residues-H120 and P121-within a HEN1-specific insertion ( Supplementary Fig. 6c ). The 2-nucleotide 39 overhang of the u strand is looped out from the RNA duplex towards the first a-helix of the La motif and the phosphate of the overhang is bound by Y109 from the first a-helix of the La motif (Fig. 2c) . Mutation of Y109 to alanine has no detectable effect on substrate binding or HEN1 activity ( Supplementary Fig. 5a , b), indicating that this interaction is not essential for the interaction with small RNA substrates. This result is also consistent with a previous study showing that mutation of the 39-end 2-nucleotide overhang of the u strand to either a 1-nucleotide or 3-nucleotide overhang has no effect on HEN1 activity on the m strand 11 . Furthermore, W333, a conserved residue within a loop from the C-terminal portion of the LCD, stacks over the base of the 59-terminal nucleotide G1 m (Fig. 2c) , and the side chain of W333 occupies the same position as the base of the antepenultimate nucleotide in the structure of the La NTD-RNA complex 20 ( Supplementary Fig. 6c ). Therefore, W333 exactly stacks on H120 and P121 in the La motif of the LCD, which may stabilize the stacking interaction between W333 and the 59-terminal nucleotide. This end-capping interaction has an essential role in the recognition of small RNA substrates, because the W333A mutant loses both RNA binding ability and small RNA methyltransferase activity ( Supplementary Fig. 5a, b) . A similar interaction between small RNA duplex and tryptophan residues has been observed in structures of the viral RNA silencing suppressor p19-small RNA complexes 21, 22 . In fact, p19 interferes with small RNA 39-end methylation by HEN1 (ref. 23 ). In addition, recognition of the [59-m:39-u] terminus by the LCD is also strengthened by a group of positively charged residues that project side chains into the major groove of the duplex terminus (Fig. 2c) .
The MTase domain of HEN1 adopts a core a/b Rossmann structure, in which the cofactor product AdoHcy is bound as in classical S-adenosyl-L-methionine (AdoMet)-dependent MTases 24 ( Fig. 3b) . The ribose ring of AdoHcy directly stacks over the 59-terminal nucleotide U1 u , and the 59 phosphate of the u strand is hydrogen bonded to the side chain of S747 (Fig. 3b) . Three conserved positively charged residues-K749, R753 and K756-interact with the major groove of the [59-u:39-m] terminus (Fig. 3b) , enhancing the 59 phosphate interaction. These three positively charged residues and S747 are only conserved in plant HEN1 proteins ( Supplementary Fig. 7 ), indicating that recognition of the 59-phosphate by the MTase domain is not applicable to animal HEN1 homologues. The backbone phosphate connecting the 2-nucleotide 39 overhang and the RNA duplex segment is anchored by a loop formed by six residues (F692 to F697) within motif X of the MTase domain (Fig. 3a) . In particular, two non-bridged phosphodiester oxygens form hydrogen bonds with main-chain amines of F692 and L697, respectively (Fig. 3a) . The loop structure is further stabilized by hydrophobic stacking interactions between the side chains of F693 and L697 and by the hydrogen bond formed by the side-chain amide of the invariant residue Q700 and the carboxyl oxygen between tandem prolines P695 and P696 in the loop ( Fig. 3a) . Most residues in this loop are invariant in the MTase domains of both plant HEN1 and animal homologues (Supplementary Fig. 7) , indicating that this specific interaction by the conserved loop in motif X may also be applicable to animal HEN1 homologues.
The penultimate nucleotide A21 m of the 2-nucleotide 39 overhang is flipped out from the duplex and the base of A21 m is stacked on the side chains of the conserved residues R856 and L835 (Fig. 3a) . The 39-end nucleotide G22 m is flipped back and its base is stacked over the terminal base pair of the duplex (Fig. 3b, c) . There are no intermolecular hydrogen bonds between two bases of the 2-nucleotide 39 overhang and the MTase domain, which is consistent with the non-sequencespecific methyltransferase activity of HEN1. The backbone phosphate of the 2-nucleotide 39 overhang is secured by two invariant, positively charged residues R701 and R856 (Fig. 3) . Mutation of either R701 or R856 to alanine attenuates the methyltransferase activity of HEN1 ( Supplementary Fig. 5b, c) , indicating that these two residues are important for the efficiency of HEN1 activity but are not essential.
The ribose ring of G22 m is located in the centre of the active site of the MTase domain, where both the 29 and 39 hydroxyls of G22 m and the side chains of four invariant residues (E796, E799, H800 and H860) are coordinated to a metal ion, Mg 21 ( Fig. 3c, d and Supplementary Fig. 8 ). The highly organized Mg 21 -mediated coordination precisely presents the 29 hydroxyl of the 39-terminal nucleotide towards the Sd atom of AdoHcy (Fig. 3d) , indicating that the 29-Omethylation by HEN1 may be Mg 21 -dependent ( Supplementary  Fig. 9 ). Treatment with increasing concentrations of EDTA that chelates Mg 21 in the reaction eventually eliminates HEN1 activity ( Supplementary Fig. 5d, f) , suggesting that HEN1 is indeed a Mg 21 -dependent small RNA methyltransferase. Mutation of any one or two coordinated residues to alanines completely abolished HEN1 activity ( Supplementary Fig. 5b, c) .
Previous biochemical studies 3,11 defined the features of a small RNA substrate that are strictly required for HEN1 activity: a length of 19-25 nucleotides, a duplex with 2-nucleotide 39 overhang, and free 29 and 39 hydroxyls on the 39 terminal nucleotide. The structure of the HEN1-small RNA complex revealed that multiple domains in HEN1 cooperate to bind small RNA substrates, which precisely illuminates the RNA substrate specificity of HEN1 (Fig. 4) . The RNA substrate may be initially targeted by the N-terminal domain dsRBD1 in HEN1, which allows HEN1 to only act on double-stranded RNAs 3 . The recognition of an RNA duplex by a classical dsRBD spans about 16 bp 25 . Thus, the small RNA duplexes produced in plant, approximately 21-24 nucleotides long, are well targeted in the initial recognition. The end-capping interaction by LCD is synergized by dsRBD2, which, together with dsRBD1, forms a strong grip on the duplex region of the small RNA substrate, and these interactions help position the other duplex terminus towards the MTase domain. The recognition of the 2-nucleotide 39 overhang by the MTase domain and the coordination of both the 29 and 39 hydroxyls of the 39-terminal nucleotide to Mg 21 restrict the MTase domain within a limited range where it can efficiently methylate the 29-hydroxyl on the 39-end nucleotide. Overall, the preferred length of the small RNA substrates recognized by HEN1 is determined by the distance between the active site of the MTase domain and the 59-end-capping site in the LCD (Fig. 4) .
The mode by which HEN1 measures the length of the small RNA substrate is similar to that of the RNase Dicer, a molecular ruler cleaving the dsRNA substrate at a specified distance from the duplex terminus recognized by the PAZ domain 26 , although the 39-end recognition by HEN1 is different compared with that by the PAZ domain 27, 28 . Animal HEN1 homologues only act on single-stranded small RNAs 4, 5, 8 , and their small RNA methyltransferase activities are stimulated through interaction with Argonaute proteins 4 (Y. Kirino, personal communication). Thus, it is possible that animal HEN1 homologues adopt an alternative mode to recognize small RNA substrates ( Supplementary Fig. 10 ), but the mechanism of the Mg 
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The cDNA of the full-length Arabidopsis HEN1 was cloned into the vector pET28 to result in an N-terminal 63 His tag and expressed in Escherichia coli BL21-Gold(DE3). The protein was purified by affinity, ion exchange and gel filtration chromatography and concentrated. HEN1 mutants were obtained with the QuickChange site-directed mutagenesis kit (Stratagene) or a PCR-based method, and verified by sequencing. RNA oligonucleotides used in the crystallization and assays were ordered from Dharmacon or Integrated DNA Technologies and purified by PAGE or HPLC. Small RNA duplexes were annealed before use. Crystals of HEN1 in complex with the small RNA duplex and AdoHyc were obtained by vapour diffusion with the reservoir solution of 15% PEG3350, 0.2 M sodium chloride, 0.01 M sodium bromide and 0.1 M phosphate-citrate, pH 4.8. The 3.1 Å native data and the 3.4 Å MAD data were collected at beamlines 19BM and 23ID of Argonne National Laboratory, respectively (Supplementary Table 1 ). The final model was refined on 3.1 Å native data to R free 28.8% and R factor 26.0% with good stereochemistry. Figures were prepared with Pymol (http:// www.pymol.org).
The in vitro small RNA methyltransferase assay was performed as previously described 29 with minor modifications. Briefly, 100 ml methyltransferase reactions were set up for annealed small RNA substrates and HEN1 mutants and monitored by incorporation of the [ 14 C]methyl group. To assay the Mg 21 -dependent methyltransferase activity, Mg 21 was omitted in all annealing buffer and reactions except as indicated. Different amounts of Mg 21 and EDTA were added into individual reactions containing the HEN1 protein and were incubated at room temperature for 15 min before adding small RNA substrates and [ 14 C]-labelled AdoMet. The in vitro RNA-protein crosslinking assay was carried out using iodouridine-labelled small RNA substrates as described 30 . 
